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Abstract: The utilization of ejectors in heat pump systems as compression components, 
alone or in combination with other equipment, have gained renewed interest as a thermally 
driven solution for low temperature heat recovery and upgrading and more efficient energy 
use. This paper summarizes the main findings and trends, in the area of heat driven ejector 
based machines using low boiling point working fluids. An overall view of such systems is 
provided by presenting the ejector principles of physics and the latest developments on 
ejector design, operation and modeling approaches. Aspects related to the analysis of the 
complex interacting phenomena taking place in these systems for high performance are 
highlighted. Conventional and improved ejector heat pump cycles of interest employing 
ejectors alone or boosted combinations are presented and discussed, and their potential 
applications are indicated. Finally, sample theoretical and experimental results obtained at 
CanmetENERGY on ejector operation and design are reported. 
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1 INTRODUCTION 
 
An ejector is a form of thermally activated jet-pump that is generally used for pumping gases 
from systems to produce vacuum or compressing vapours. They have been in application for 
many years (ASHRAE 1969), but mainly restricted to industrial applications using steam as 
the working fluid. They are commercially available in different sizes and geometries to match 
different power requirements. The ejector as a component is simple, low cost, and without 
moving parts, which makes it attractive for many applications. However, the fundamental 
mechanisms involved during their operation are complex due to the interactions during 
mixing of two fluid streams in sub-sonic and super-sonic conditions. 
 
The utilization of ejectors for heat pump applications (heat upgrading, cooling and 
refrigeration) has been limited until now because of the lack of knowledge on their 
performance over a wide range of operating conditions and using different refrigerants, and 
also because of their low energy efficiency compared to mechanical vapour compression 
systems. However, in the current energy and environmental context, there is a renewal of 
interest for ejectors as a thermally driven technology which may provide a reliable and low-
cost solution for recovering and upgrading thermal energy.  
 
As a thermally driven heat pumping technology, ejectors may be considered in many 
applications. For heating and cooling in buildings, houses and communities, ejectors may be 
used in combination with renewable energy systems or distributed generation systems in tri-
generation applications. In industry, they represent an attractive solution for waste heat 
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upgrading. They may be used as a stand-alone system or in hybrid vapour compression-
ejector or absorption-ejector systems.  
 
The availability of more sophisticated modeling tools (e.g. Computational Fluid Dynamics) 
combined with experimental analysis, provides new opportunities to develop advanced 
knowledge on the internal phenomena occurring in the ejector, to identify solutions that 
reduce internal losses, to optimize ejector performance by varying design, geometry, and 
refrigerants and to evaluate the performance of innovative cycles based on a combination of 
ejectors with vapour compression or absorption systems for different applications. 
 
This paper presents the principles of ejectors, different application cycles, performance 
obtained through modelling and experimental work, and a discussion on some promising 
applications for ejectors.  
 
 
2 EJECTOR OPERATION 
 
Basic ejector operation is briefly described here but a more detailed account can be found in 
journal publications (Ouzzane and Aidoun 2003). The principle of operation of all supersonic 
ejectors is the same, regardless of the application. As shown in Figure 1, a high energy 
refrigerant stream is expanded in a primary nozzle (1), converting pressure and temperature 
to velocity.  
 
 
 
 
 
 
 
 
 
 
Figure 1: Ejector operation 
 
At the nozzle exit, the flow is supersonic with low temperature and pressure. This induces the 
flow of a low energy stream (2) from the evaporator, through a secondary nozzle at the exit 
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of which sonic conditions are reached (design point). The main characteristic of the 
performance curve shown in Figure 1 is that the entrainment ratio m2 m1 remains constant 
up to a threshold (design point) before dropping rapidly (off design operation zone). Energy 
exchange between streams occurs in the mixing chamber but high mixing losses, friction, 
shock formation etc., are also expected because of the streams very different conditions. The 
flow leaving the mixing chamber becomes subsonic as a result of all the losses and shocks. 
It then enters a diffuser where it is further compressed (3). 
 
 
3 PREVIOUS RESEARCH ON EJECTORS 
 
Current needs for efficient and environmentally sound heating, air conditioning and 
refrigeration systems have revived research interests in order to improve ejector 
performance and competitiveness. Experimental and theoretical work has been extensively 
performed on ejector operation for some decades and it is currently continuing but despite 
the apparent simplicity of the ejector geometry, there is still no comprehensive theory 
capable of completely describing its working mechanisms and ejector modeling remains a 
problem not yet completely resolved. Available literature, some going back to very early 
years, contributes however to a better understanding of ejector design and operation. 
 
3.1 One-dimensional approach  
 
Earlier theoretical and experimental work using gases and vapours was based on the one-
dimensional theory developed by Keenan and his collaborators. Two design methods 
emerged out of these efforts, due to Keenan & Newman (1946) and Keenan et al. (1950), 
who proposed 1-D models with constant area and with constant pressure mixing 
respectively, but ignoring heat and friction losses. They first introduced the constant-area-
mixing principle (1946) and performed their mathematical development by assuming that the 
working fluid behaved like an ideal gas. This approach considers a constant cross-sectional 
area for the entire mixing chamber (Figure 2). 
 
 
Figure 2: Constant area ejector 
 
The concept of constant pressure design was subsequently introduced (1950). This principle 
is the most frequently used nowadays for its better performance and more favourable 
comparison against experimental data. The geometry of a constant pressure design includes 
a variable cross section zone immediately before the constant cross section part, with the 
nozzle exit located within this zone (Figure 3). 
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Figure 3: Constant pressure ejector 
 
In 1977, Munday and Bagster proposed a semi-empirical approach in an attempt to explain 
the constant capacity characteristics of ejectors represented in Figure 1. This approach 
introduces a new concept by assuming that two discrete streams, the primary and secondary 
flows, maintain their identity up to a certain distance down the mixing chamber. Accordingly, 
the primary stream fans out into the mixing chamber without mixing with the entrained flow, 
forms with the internal walls of the chamber a converging channel that acts as a nozzle for 
the secondary stream and eventually creates a low pressure region in the mixing section. 
The secondary fluid accelerates to sonic velocity without mixing with the primary stream. The 
location of the point where critical conditions occur is the effective throat of the secondary 
nozzle beyond which stream mixing at constant pressure begins. Downstream of the mixing 
section, a normal shock is induced, causing a sudden increase of pressure and a 
simultaneous decrease of the flow Mach number. According to this concept, it is assumed 
that the shock wave occurs at the end of the constant area section. In the mixing process, 
the flow transits from supersonic to subsonic. The diffuser compresses the flow further as it is 
brought to a stagnation state.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Mach distribution in the ejector (1-D) 
 
Subsequent work was essentially based on these theories and, recognising the effects of 
parameters such as internal geometry, mixing-shocks interactions and refrigerant effects, 
researchers have progressively lifted many of the restrictive assumptions made in the 
previous theories. Huang et al. (1999), for example, used Munday and Bagster’s approach 
with R141b and accounted for frictional and mixing losses by means of empirical coefficients 
which were later confirmed experimentally. Aidoun and Ouzzane (2004), inspired by the 
Munday and Bagster approach, took into account the change in refrigerant properties within 
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the flow with axial position in order to more accurately represent the operation of an ejector 
and estimate the ejector characteristic parameters locally (Figure 4). An extensive and more 
detailed account of these developments over the last few decades can be found in Ablwaifa 
(2006).  
 
3.2 CFD approach 
 
The amount of theoretical and experimental work devoted to providing simple analysis and 
design tools has been and continues to be very useful in promoting the general 
understanding of ejectors. There is however a serious limitation to its capability in correctly 
reproducing the flow physics locally along the ejector. It is the understanding of local 
interactions between shock waves and boundary layers, and their influence on mixing and 
recompression rates, that will allow minimizing internal losses based on optimized design in 
terms of geometry, refrigerants and operating conditions. Such an objective can be achieved 
at a reasonable cost through the use of CFD. Studies with some fluids commonly used in 
refrigeration or having such a potential were performed, (Chen et al. 1994; Desevaux et al. 
1994; Riffat et al. 1996; Wang and Chen 1996; Riffat and Everitt 1999; Riffat and Omer 
2001), being a representative sample. However, some very fundamental problems were yet 
to be overcome, especially the modeling of shock-mixing layer interaction or ejector 
operation at different conditions. Indeed, some of them did not consider compressibility, 
turbulence, nor did they track shocks. Desevaux et al. did obtain some local pressure 
measurements which compared reasonably well with simulations using the Fluent CFD 
package. These data were also used by Bartosiewicz et al. (2005, 2006) to validate their 
modeling of ejectors for refrigeration where the influence of turbulence, shock reflections and 
shock-mixing layer interaction were assessed. The work of Ablwaifa (2006), cited previously, 
included CFD analysis and validation data in terms of global performance parameters.  
 
3.3 Ejector cycles and applications   
 
Ejector driven heat pump systems have a large potential for using energy sources at low 
temperature. The simplest configuration of an ejector heat pump cycle is represented in 
Figure 5. The utilization of working fluids more volatile than water makes it possible to extend 
the range of applications, which are currently unexploited. For example in the industrial 
sector where low grade thermal energy is wasted, ejectors offer a potential to use it for 
cooling or refrigeration, increasing process efficiencies. They are also considered in 
combination with distributed generation systems to manage excess heat for cooling or 
refrigeration in tri-generation systems. Combinations of ejectors with other cycles to form 
hybrid systems (solar collectors, absorption or mechanical compression) provide a 
considerable potential for cycle optimization and performance enhancement. As a result, 
ejector-compressor, ejector-absorption and ejector-solar collector cycles continue to receive 
increased attention in view of their positive impact on performance in exchange for relatively 
minor modifications to the overall system.  
 
3.3.1 Compressor-assisted ejector 
 
The work of Sokolov & Hershal (1990, 1991), Sun and Eames (1995), Dorantes et al. (1996), 
Sun (1997) and those of Huang et al. (1998) are worth mentioning. Sokolov and his 
collaborators demonstrated that performance comparable to those of absorption systems 
could be attained with booster assisted ejector systems running on low grade heat. 
Depending on the particular operating conditions and cycle configurations, COP 
improvements reported ranged from 5 % to 40% over conventional cycles.  
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4 RESEARCH HIGHLIGHTS AT CanmetENERGY 
 
Ejector research performed at CanmetENERGY includes numerical modeling and experimental 
investigations.  
 
4.1 Modeling and simulation 
 
One-dimensional and detailed computational fluid dynamics (CFD) models were developed. 
Validation was performed, using data from the literature, collaborative exchanges and results 
from an experimental test bench that was designed and built for this purpose. Results from 
CFD models provide detailed images of parameter distributions throughout the ejector, 
allowing users to “see” inside the walls and to identify problem areas such as zones with 
recirculation and flow separation. Figure 9, based on the simulations of Scott et al. (2008), 
shows some generic results from one-dimensional CFD models. The single curve showing 
the variation of the entrainment ratio with ejector exit pressure may be generated by a one-
dimensional model. The same curve may be generated by a CFD model, however the results 
of the CFD model also permit “snapshots” of the flow inside the ejector to be taken, these 
snapshots showing the variation of the velocity profile inside the ejector at the given 
operating conditions. 
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Figure 9: Typical CFD and 1-D ejector simulation results 
 
4.2 Experimental Research 
 
A well instrumented experimental test bench was designed and assembled at 
CanmetENERGY. While the primary purpose of the set-up is to generate data for the 
validation of the numerical models, it also provides information on start-up and shut-down 
procedures, performances, as well as general operation. Only a brief description of the test 
bench is given here; details can be found in Scott et al. (2009).The configuration of the 
simplest one-phase ejector cycle is shown in Figure 5. The working fluid is R245fa, an HFC 
that has been shown to have appropriate properties for ejector operation. Ejector capacities 
up to 9 kW can be tested on this installation. Typical experimental results showing the 
variation of the entrainment ratio with condenser pressure is shown in Figure 10, with fixed 
generator and evaporator conditions. The constant entrainment ratio that exists at pressures 
below the critical condenser pressure is clearly shown, as is the rapid decrease in 
entrainment ratio above this critical pressure. These and other such results from the test 
bench were used to validate the numerical models. 
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Figure 10: Variation of the entrainment ratio with condenser pressure. 
 
Further R&D activities in ejectors are on-going, particularly on two-phase flow ejectors, using 
modeling-simulation and experimental work, evaluation of solar assisted ejector cycles for 
cooling applications, and experimentation of a 30 kW prototype for cooling applications using 
waste heat.  
 
5 CONCLUSION 
 
Ejectors are a unique technology involving simple components but of which the operation, 
based on the mixing of two fluid streams in sub- super- sonic conditions, is quite complex. 
This technology is currently unexploited due to the lack of fundamental knowledge on its 
operation, while it presents interesting opportunities for thermal energy upgrading for heating, 
cooling or refrigeration applications, and for heat pump cycle improvements in hybrid 
systems. Other advantages of the technology are the simplicity of the components (nozzles) 
and their low costs, its compactness, particularly compared to absorption, and its reliability as 
no moving parts are involved. The most promising applications are waste heat valorization in 
the industry and combinations with thermal solar energy for buildings.    
 
Ejectors must not be considered as a competitive technology to vapour compression 
systems, due to their low coefficients of performance and small temperature lifts of the basic 
cycles. However, the technology must be seriously examined for thermal energy valorization, 
for heat pump cycle improvements and particularly in hybrid cycles. The benefits are the 
significant COP increases, the possibility to reduce compressor work, or increase pressure or 
temperature lift and power, with low cost and reliable additional components.  
 
The development of fundamental knowledge on the mechanisms involved in ejectors in one- 
or two- phase flow, as well as knowledge on system performance and control as stand alone 
or hybrid systems are required to better evaluate and design the most judicious applications 
of ejectors. Investigation of refrigerants and their mixtures is also a promising avenue to 
expand their range of applications.   
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